Abstract: Barrier islands of Northwest Florida were heavily oiled during the Deepwater Horizon spill, but less is known about the impacts to the shorelines of the associated estuaries. Shoreline sediment oiling was investigated at 18 sites within the Pensacola Bay, Florida system prior to impact, during peak oiling, and post-wellhead capping. Only two locations closest to the Gulf of Mexico had elevated levels of total petroleum hydrocarbons (TPH) and total polycyclic aromatic hydrocarbons (PAHs). These samples showed a clear weathered crude oil signature, pattern of depletion of C9 to C19 alkanes and C0 to C4 naphthalenes, and geochemical biomarker ratios in concordance with weathered Macondo crude oil. All other locations and sample times showed only trace petroleum contamination. The results of this study are consistent with available satellite imagery and visual shoreline survey data showing heavy shoreline oiling limited to sandy beaches near the entrance to Pensacola Bay and shorelines of Santa Rosa Island.
Introduction
The Deepwater Horizon (DWH) oil rig exploded on 20 April 2010, initiating the discharge of 800 million liters of oil into the northern Gulf of Mexico over an approximately three month period [1] [2] [3] . The spill was the largest environmental disaster in United States history, and the largest accidental oil spill in human history [4] . Vast areas of the Gulf of Mexico were impacted by oil, including deep ocean, pelagic, and estuarine ecosystems. Over 20 million hectares of the Gulf of Mexico were closed to fishing and 1600 km of shoreline were visibly oiled [2, 5] . Shoreline oiling was temporally and spatially heterogeneous, with the heaviest oiling occurring in coastal areas of eastern Louisiana, Mississippi, Alabama, and on the barrier islands of Northwest Florida [6] . Along the more heavily oiled sand beaches, some oil and sand mixed and accumulated in the nearshore subtidal zone resulting in formation of extensive submerged oil residue mats [7] . In Florida, Shoreline Cleanup and Assessment Technique (SCAT) surveys were focused on coastal areas, with only limited surveys performed within large estuaries, including Pensacola Bay [7] .
Satellite imagery and nearshore trajectories showed oil in proximity to Pensacola Bay and potential impacts on Santa Rosa Island from 17 June to 3 July 2010 [5, 8] . The heaviest oiling of Santa Rosa Island occurred on June 23, with all 60 km of the barrier island's southern shoreline impacted with visible free product and particulate oil. Near shore water and sediment samples from the area were reported to have elevated levels of TPH and PAHs [9] . Passive water sampling devices deployed by Allan et al. [10] at the entrance to Pensacola Bay showed elevated levels of bioavailable petrogenic PAHs in August and September 2010, but only background concentrations in May, June, and July 2010, and in spring 2011 follow up sampling. Anecdotal reports indicated that mousse, sheen, tar balls, and tar mats were present within the Pensacola Bay system for multiple weeks, with the first consistent reports beginning about 10 June 2010.
The objectives of the current study were to assess shoreline sediment oiling within the Pensacola Bay system during the DWH spill for comparison to coastal oiling observations. The Pensacola Bay system is a 370 km 2 low energy river-dominated estuarine system comprised of interconnected large bays, smaller tidal bayous, and Santa Rosa Sound located in Northwest Florida [11] . Sampling times occurred prior to visible shoreline oiling, during peak oiling, and following capping of the wellhead. Samples were analyzed for multiple petroleum related analytes, including polycyclic aromatic hydrocarbons (PAHs) and geochemical biomarkers. Samples were also analyzed for a range of other organic chemicals and metals to allow evaluation of the spatial heterogeneity of contamination relative to petrogenic chemicals.
Materials and Methods

Sample Collection
Eighteen sample locations were selected throughout the Pensacola Bay system on the basis of accessibility, with the objective of collecting at geospatially diverse areas that represented the major habitats of the open bay and bayou habitats (Table 1, Figure 1 ). Sample sites included the entrance to Pensacola Bay and locations ranging from approximately 43 km to the east and 36 km to the north, including three bayous on the western coast of the bay. Sites were selected to be accessible by automobile because many locations within the bay had limited boat access due to the presence of oil containment booms. Boom placements varied throughout the study period, but were consistent at the mouth of bayous and public beach areas near Pensacola Pass. Where booms were present, samples were taken on the outside of booms along the unprotected shoreline when possible (Table 1) Samples were collected according to a quality assurance sampling plan. At each site, surficial sediments (2 to 5 cm) were collected using stainless steel spoons and placed in 1.8 L glass jars with Teflon lids and homogenized by mixing prior to storage. An additional 240 mL sample was similarly collected at each site to analyze for non-petroleum related contaminants. Samples were immediately placed in a cooler on ice and frozen when returned to the laboratory (−70 °C). Table 1 . Inset: Gulf of Mexico, United States.
Analytical Chemistry
Sediment samples were extracted and analyzed for petroleum related analytes, metals, PCBs, and other organic contaminants (Tables S1-S4) . Additionally, one sample of Macondo crude oil (MCO) collected by a remotely operated vehicle (ROV) directly at the wellhead was analyzed only for petrogenic chemicals. Sample holding, preservation, processing, and chemical analyses were performed following rigid chain of custody and quality assurance/quality control procedures according to USEPA methods and the Quality Assurance Project Plan of the contract laboratory. Sediment samples were mixed with sodium sulfate to remove moisture, than 20 g subsamples were prepared by automated Soxhlet extraction with dichloromethane followed by silica gel cleanup. Extracts analyzed for organochlorine pesticides had additional clean up by passing the extract through a Florisil column (elution with 10% acetone in hexane) and a solid phase carbon cartridge (elution with dichloromethane and hexane) to remove non-analyte interferences.
Petroleum-related analytes included total petroleum hydrocarbons (TPH), saturated hydrocarbons (SHC), petrogenic PAHs, and biomarkers. TPH representing the total aromatic and aliphatic hydrocarbon content of sample extracts were analyzed by gas chromatography/flame ionization detection (GC/FID) using a HP 5890 GC (Hewlett-Packard, Palo Alto, CA USA). Concentrations were determined from integration of the FID signal over the entire hydrocarbon range from n-C9 to n-C44 and were calibrated against an average alkane hydrocarbon response factor. Saturated hydrocarbons were analyzed by GC/FID based on EPA Method 8015 with the SHC fraction determined by integrating the resolved chromatographic peaks from the unresolved response. Individual alkanes including pristane, phytane, and C9 to C39 normal alkanes were quantified against a calibration curve made from C9 to C44 n-alkanes. Fifty-seven petroleum-related PAHs, including alkyl homolog groups, were analyzed by gas chromatography with mass spectrometry using selected ion monitoring (GC/MS-SIM) following the methods of Page et al. [13] and Wang and Stout [14] . The analytical procedure was based on EPA Method 8270D with the GC and MS operating conditions optimized for separation and sensitivity of the target analytes using an Agilent 5973 quadrupole GC/MS system (Agilent, Palo Alto, CA USA). Alkyl PAH homologs were quantified using a response factor assigned from the parent PAH compound. Fifty-six petroleum biomarkers were analyzed by GC/MS-SIM following the method of Wang et al. [15] using an Agilent 5973 quadrupole GC/MS system. Non-petroleum analytes included heavy metals, PCBs, and pesticides. Seven metals were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS) and total mercury by cold vapor atomic absorption using a CETAC M6200A mercury analyzer (CETAC Technologies, Omaha, NE USA). Total PCBs were analyzed by comparison to Aroclors following EPA method 8082. Twenty-six organochlorine pesticides were analyzed by GC/MS/MS with isotope dilution, including diphenyl, cyclodiene, and organophosphate insecticides following EPA method 1699 using a Waters Micromass Quattro Micro GC tandem MS (Waters, Milford, MA USA).
Data Analyses
Satellite imagery, cumulative surface water oiling, and shoreline oiling survey data for the Pensacola Bay area were downloaded from public domain databases [5] for comparison to analytical chemistry results. Weathering and diagnostic geochemical biomarker ratios were determined from the detectable concentrations of specific analytes following the equations in Table 2 . Total PAH (tPAH) values were computed from the sum of detected analytes consisting of 57 parent PAHs and alkyl homolog groups. Depletion indices were computed from ratios of tPAH:hopane or the sum of C9 to C34 alkanes:hopane relative to MCO, and weathering ratios from C3 dibenzothiophenes: C3 chrysenes (Table 3) . Locations are shown in Figure 1 and described in Table 1 Table 1 for site identifications and Figure 1 for sample location. Sediment samples collected July (FP) and August (NAS) 2010; 2 Rosenbauer et al. [3, 16] ; 3 One or more analytes below detection limits; 4 Mulabagal et al. [17] ; 5 Hostettler et al. [18] ; 6 Alkane to isoprenoid ratio [14] ; 7 Douglas et al. [19] 
Results
Oil Distribution
Satellite imagery and available cumulative surface water oiling data showed only trace oiling within Pensacola Bay (Figure 1 ) [6] . The limited SCAT survey (USGS 2011; NOAA 2013) data for the Pensacola Bay system during the DWH spill also indicated that oiling was restricted to areas of the outer bay (Figure 1 ) [6] . Although consistent repeated SCAT observations for these areas were not available, the reported maximum oiling levels indicated that heavy shoreline oiling was limited to sandy beach areas near the entrance to Pensacola Bay and the south shoreline of Santa Rosa Island. The 18 sample locations in Pensacola Bay had trace levels of TPH prior to observable shoreline oiling during the DWH spill ( Table 2 ). Only the July 8 sample at Site 1 (FP) near the entrance to Pensacola Bay had very high elevations in both TPH (4580 mg/kg) and tPAH (13.2 mg/kg) ( Table 2 ). Minor elevations in both TPH (52.2 mg/kg) and tPAH (0.3 mg/kg) were present at Site 16 (BCW) on July 9, and Site 18 (NAS) showed relatively high levels on Aug 19 (101 mg/kg TPH and 0.4 mg/kg tPAH). Site 13 (BTS; June 17) showed a minor elevation in pre-impact TPH (35.7 mg/kg) and tPAH (0.01 mg/kg); inspection of the specific analytes in that sample showed PAHs were elevated in pyrogenic, rather than petrogenic PAHs.
Weathering and Fingerprinting to Source Oil
Assessment of TPH levels, PAH and alkane distributions, and geochemical biomarker ratios in MCO and shoreline sediment samples collected prior to oil impact, during active oiling, and post well capping showed that only two sites had evidence of oil derived from the DWH spill. Samples collected during the period of active oiling at Fort Pickens (FP, Site 1) at the entrance to Pensacola Bay and Naval Air Station (NAS, Site 18) within 2 km of the entrance had elevated TPH and PAH concentrations, and norhopane, triterpane, and other biomarker ratios generally consistent with weathered MCO (Table 3) . These samples also showed a characteristic pattern of depletion of C9 to C19 alkanes and C0 to C4 naphthalenes indicative of weathered crude oil, and higher concentrations of C2 and C3 PAH homologs (Figures 2 and 3) . Relative tPAH and alkane depletion ratios indicated high weathering in both FP and NAS samples, whereas alkane to isoprenoid ratios were equivocal (Table 3) . Pre-oiling and post well capping samples at FP and NAS, and all other sample locations and times had low concentrations of petroleum ( Table 2, Figures 2 and 3) .
Other Contaminants
Of the 72 non-petroleum analytes, 55 were not detected at any site (Table S2) . None of the 26 organophosphates or seven PCB aroclors were detected. Of the 31 pesticides, 25 were not found at any of the sites; however, DDT isomers, dieldrin, and heptachlor epoxide were detected in Santa Rosa Sound (Sites 5, 6, and 7) as well as Bayou Texar (Sites 13 and 14) , and Bayou Chico (Site 15; Table S3 ). Trace amounts of metals were found at most sites (Table S4) . Bayous Chico and Texar had higher levels of metals than other sites. Lead levels in both bayous (Sites 14 and 15) and copper levels in north Santa Rosa Sound (site 7) were as much as 200-fold higher than levels detected at other sites (Table S4 ). Table 1 ). Samples collected in June (Pensacola Beach pre-impact), July (during peak oiling), and August (post oiling). Note scale differences of samples.
Discussion
Over 1600 km of northern Gulf of Mexico shorelines were impacted from the DWH spill, with approximately 360 km heavily oiled [1, 2, 7] . SCAT survey results, satellite imagery, and cumulative oil determinations indicated that shoreline oiling was temporally and spatially heterogeneous [6] . In Florida, SCAT surveys were focused on the western barrier islands, with only a few surveys performed within the large estuary systems [6, 7] . The analysis of petroleum analytes in the current study were consistent with available SCAT results and satellite imagery that heavy shoreline oiling within the Pensacola Bay system was limited to areas in proximity to the Gulf of Mexico. Other locations and sample times showed only trace petroleum contamination, and limited evidence of MCO. The June sampling dates preceded oil impacts on Santa Rosa Island and the Pensacola Bay system, consistent with sampling results in the current study. The single elevation in C2-chrysenes in the June Fort Pickens sample (Figure 2 ) appeared to be a minor anomaly compared to the 200 ppb of this specific PAH in the impacted July sample. Although visible oil occurred in proximity to Pensacola Bay for approximately two weeks, the hydrodynamics of the system may have limited more extensive shoreline oiling. Surface flows tend to be seaward, and based on average river flow and tidal range, the Pensacola Bay system should flush approximately every 34 days [11] . Additionally, the minimal tidal range of 0.5 m and primarily sandy shoreline sediments would tend to limit oil stranding and reduce residence time within the bay system.
Of the 138 sediment samples collected within the Pensacola Bay system in the current study and analyzed for TPH, only the July and August 2010 samples closest to the Gulf of Mexico had elevated levels of petroleum hydrocarbons and showed a clear signature of weathered MCO. Moderate weathering was indicated by the depletion of alkyl napthalenes and lower molecular weight alkanes, and similar concentrations of C2 and C3 PAH homologs [14] . Relative tPAH and alkane depletion, weathering ratios and quantitative biomarker ratios also were indicative of weathered MCO and consistent with other reported values [3, 16, 17, 21] . For example, norhopane ratios (Ts/Tm; Ts/(Ts + Tm); 29D/29H) showed declines with distance from the Gulf of Mexico, whereas cyclic terpane (24Tri/23Tri) and hopane (C31S/(S + R); C31S/H30) ratios were elevated relative to MCO (Table 3) . Triplet terp and cholestane (C28R/C29R) ratios were similar between MCO and the two impacted sites. Geochemical biomarkers have been used routinely in oil spill forensics since the Exxon Valdez incident because they are relatively resistant to degradation and oil formed under different geological conditions can have unique biomarker fingerprints [15, 18] . Rosenbauer et al. [3, 16] used a suite of diagnostic biomarkers to determine the presence of MCO oil in pre-and post-impact sediment and tar bar samples from Texas to Florida. The one Santa Rosa Island sample site (east of Navarre Beach, Florida) of Rosenbauer et al. [3, 16] had no identifiable MCO in May 2010, whereas in October 2010 the sample results were indicative of a mixture of MCO and other oil sources. Mousse collected approximately 50 km west of the Santa Rosa Island Florida site in Alabama by Muglabagal et al. [17] during the June peak oiling period also showed a strong MCO signature.
Only the July Fort Pickens sample in the current study had high levels of TPH and petrogenic PAHs, and was the only sample to exceed screening level aquatic toxicity benchmarks for PAHs in sediment [22] . Maximum concentrations of 4600 mg TPH/kg were similar to levels reported by Kostka et al. [23] for the heavily exposed Gulf of Mexico side of Santa Rosa Island. These observations were consistent with the OSAT [24] report of a generally low incidence of coastal sediment samples exceeding aquatic toxicity benchmarks during the DWH spill. Sampling at Fort Pickens in August and September showed that petroleum contamination at this location had returned to pre-impact levels. OSAT [24] concluded that oil was weathering with variable degradation rates after the DWH spill, and bacterial gene sequencing revealed the presence of both alkane and PAH degraders in Santa Rosa island beach sand [23] . However, oil loss from the sandy shoreline sediments of the Pensacola Bay system may have been more dependent on tidal scouring and water washing than biodegradation. Remedial actions including beach cleaning and physical oil removal may also have contributed to oil declines [7] . Analysis of a diversity of potential other contaminants showed only minimal non-petroleum contamination of shoreline sediments within the Pensacola Bay system.
In contrast to petroleum contamination, metal and organic contaminants were largely restricted to anthropogenic source areas in proximity to boat docks and bayous, consistent with EPA [11] results for deeper surficial sediments. Alkyl homologs were absent in PAH profiles in shoreline sediment samples collected in areas of Pensacola Bay distant from the Gulf of Mexico and were indicative of combustion sources rather than oiling. The conclusion that Deepwater Horizon oiling of shoreline sediments was limited within the Pensacola Bay must be considered in the context of the sampling design. Sampling focused on surficial sediments of the estuary system and did not target deeper sediments, submerged tar mats, or the heavily oiled southern shoreline sediments of Santa Rosa Island within the Gulf of Mexico, areas which are known to be impacted by the spill [25] . Additional research and analysis of historical samples would be needed to address areas not targeted in this study.
